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Trimethylamine and Organic Matter Additions Reverse Substrate
Limitation Effects on the 8'°C Values of Methane Produced in

Hypersaline Microbial Mats
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Methane production has been observed in a number of hypersaline environments, and it is generally thought that this methane
is produced through the use of noncompetitive substrates, such as the methylamines, dimethylsulfide and methanol. Stable iso-
tope measurements of the produced methane have also suggested that the methanogens are operating under conditions of sub-
strate limitation. Here, substrate limitation in gypsum-hosted endoevaporite and soft-mat hypersaline environments was inves-
tigated by the addition of trimethylamine, a noncompetitive substrate for methanogenesis, and dried microbial mat, a source of
natural organic matter. The 8'C values of the methane produced after amendments were compared to those in unamended con-
trol vials. At all hypersaline sites investigated, the §'>C values of the methane produced in the amended vials were statistically
lower (by 10 to 71%o) than the unamended controls, supporting the hypothesis of substrate limitation at these sites. When sub-
strates were added to the incubation vials, the methanogens within the vials fractionated carbon isotopes to a greater degree,
resulting in the production of more '*C-depleted methane. Trimethylamine-amended samples produced lower methane 3'>C
values than the mat-amended samples. This difference in the 8'>C values between the two types of amendments could be due to
differences in isotope fractionation associated with the dominant methane production pathway (or substrate used) within the
vials, with trimethylamine being the main substrate used in the trimethylamine-amended vials. It is hypothesized that increased
natural organic matter in the mat-amended vials would increase fermentation rates, leading to higher H, concentrations and

increased CO,/H, methanogenesis.

Both soft and gypsum-hosted endoevaporite microbial mats
can be found in hypersaline environments, with soft mats
dominating at lower salinities and endoevaporites at higher salin-
ities (see, for example, reference 1). Organisms living in these
hypersaline microbial mat environments need to be able to regu-
late osmotic pressures within the cell, and most do it using organic
solutes (2), with glycine betaine found to be one of the leading
organic osmotic solutes (3). Glycine betaine degrades to trimeth-
ylamine (TMA) (4, 5), which is a substrate that can be used by
methanogens within the mat. Although the two main substrates
used by methanogens are CO,/H, and acetate, high sulfate con-
centrations in hypersaline environments and the well-known
competition for H, and acetate between sulfate reducers and
methanogens (6) allow the noncompetitive substrates, such as
TMA, to be the dominant substrates used by methanogens in hy-
persaline environments (7-9). Other noncompetitive substrates
include methanol, which is an end product of pectin degradation
(10) and can be produced by phytoplankton (11), and dimethyl-
sulfide, which is derived from dimethylsulfionopropionate, an os-
molyte found in higher plants and algae (12).

Sources of methane, whether biogenic (produced by methano-
genic Archaea using the substrates above) or thermogenic (pro-
duced from the breakdown of organic matter under high temper-
atures and pressures), can be identified by their stable isotopic
composition. Biogenic methane results in 3'°C values below
~—50%0 and thermogenic methane in 3'°C values above
~—50%o (13). Oxidation of the produced methane can affect this
delineation, since oxidation results in the remaining methane be-
coming enriched in the heavier isotopes of both C and H (14). In
recent work, Tazaz et al. (1) reported biogenic methane produced
at hypersaline sites, with no evidence of oxidation occurring, hav-
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ing 8'°C values greater than —50%o, with some as high as —35%o,
which fall considerably outside the range generally considered
biogenic. The most '*C-enriched biogenic methane was produced
from the gypsum-hosted endoevaporite mats, as opposed to soft
microbial mats, which were also found at their sites (1). These
anomalously high, '>C-enriched 8'°C values for biogenic methane
have been hypothesized to be the result of substrate limitation
occurring within the gypsum crusts (9).

In the present study, the generality of this hypothesis was tested
at additional hypersaline sites in the Atacama Desert of Chile, as
well as sites in Guerrero Negro, Mexico (also examined in refer-
ences 1 and 9). Methane production rates and isotopic composi-
tion, as well as particulate organic carbon (POC) content and 8'°C
values, were measured at these sites, which contain both soft mi-
crobial mats and endoevaporite mats. Since TMA is the main sub-
strate used by methanogens at hypersaline sites (see, for example,
references 7, 8, and 9), high concentrations of TMA were added to
incubation vials to alleviate substrate limitation, and the stable
isotopic composition of the methane produced was determined.
In addition, dried, autoclaved soft microbial mat material from a
hypersaline environment, a source of natural organic matter, was
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also added to incubation vials. The resultant 8'°C value of the
methane produced was measured to ascertain the effects of in-
creased organic matter content on methane production. We
found that both TMA-amended and microbial mat-amended
samples produced methane with §'°C values much lower than
that of the unamended controls. These results indicate that the
methanogens are operating under substrate limitation in situ,
which can be alleviated by the addition of either methanogenic
substrates or precursors of those substrates in the form of natural
organic matter.

MATERIALS AND METHODS

Two main field areas were investigated: the salt ponds of the Exportadora
de Sal, S.A. de C.V., salt company located in Guerrero Negro, Baja Cali-
fornia Sur, Mexico, and the Atacama Desert, northern Chile (Fig. 1). The
methane biogeochemistry at the Guerrero Negro salterns, the largest solar
salt works in the world, has been studied for a number of years (1, 9,
15-17). At the Guerrero Negro salt works, samples were collected in
March 2012 and November 2012 from Areas 1 and 9 (Table 1), with
salinities of ~60 (Area 1) and ~160 (Area 9) parts per thousand (ppt).
The Area 1 samples consisted of soft, thick microbial mats, while Area 9
contained gypsum crusts containing colorful endoevaporitic microbial
communities.

The other sampling sites were located within the Atacama Desert in
Chile, the oldest and driest desert on Earth, receiving <1 mm of rainfall
annually (18). The Atacama sites were sampled in May 2012 and 2013
(Table 1). In May 2012, samples from three different gypsum crusts (LL1
to LL3) were obtained from the largest of many hypersaline ponds at Salar
de Llamara. The salinity of the overlying water was ~130 ppt. In addition,
a small, cool pool, ET2, was sampled at the El Tatio volcanic geyser field,
the largest geothermal area in the Southern Hemisphere. The salinity at
this site was ~13 ppt (about 1/3 that of seawater), and the sample con-
sisted of organic-rich muddy sediments (approximately the upper 25 cm
was collected). Although this site is not strictly hypersaline (i.e., salinity
greater than seawater), it provided a low-salinity end-member. In May
2013, the same sites at Salar de Llamara and El Tatio were again sampled.
Another small pool (~55 ppt) containing a soft microbial mat at the Salar
de Llamara was also sampled (LL8). Furthermore, samples from two la-
goons, Laguna Cejar and Laguna Chaxa, in the Salar de Atacama were
obtained. Three sites at Laguna Cejar, of which the first two (Cejarl and
Cejar2) were soft microbial mats, were sampled. Salinities here were about
50 ppt. Gypsum crust was sampled at Cejar3, which was located near a
deep central pool (salinity of ~77 ppt). The single sample obtained at
Laguna Chaxa (Chaxal) was composed of a thin, soft microbial mat over-
lying organic-rich mud, with a salinity of ~100 ppt.

A few other sites, including Areas 10 and 11 at Guerrero Negro, and
LL4, a small pond at Salar de Llamara, were also sampled. Little, if any,
methane was produced at any of these sites (production rates of =0.1
nmol g~ ' day™ "), so these sites will not be discussed further here.

From each site, samples of soft mat/mud or gypsum-hosted endo-
evaporite mat and overlying pond water were collected. Temperature was
obtained at the depths where samples were collected. The salinity of site
water was measured in the field or shortly thereafter using a hand-held
refractometer.

In order to determine methane production rates and 3'*>C values from
the sites, incubations were prepared in 38-ml serum vials using slurries
containing approximately 10 to 20 g (ranging from 6 to 25 g) of homog-
enized soft mat/mud or crust and 10 ml of site water. Prior to use in
incubations, site water was bubbled with N, gas for at least 10 min to
remove dissolved O,. Unamended control slurries contained only soft
mat/mud or crust and 10 ml of site water, while either TMA or dried
microbial mat material was added to additional incubation vials. TMA,
with a 8'°C value of —40%o, was added to incubation vials to a final
concentration of 1,000 wM in order to determine the 8'*C values of meth-
ane produced when the amount of substrate is not limiting. At a few sites,
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dried microbial mat material was added (1 g/vial) to slurries to investigate
the effects of higher concentrations of organic matter. The mat was ob-
tained from Area 4 of the Exportadora de Sal salt works in Guerrero
Negro. The soft microbial mats of Guerrero Negro have been studied over
many years (19-25). For the purposes of the present study, the microbial
mat was autoclaved to kill any microorganisms and dried to remove mois-
ture; this treatment (autoclaving/drying) would have also removed any
volatile compounds, such as TMA. This autoclaved, dried microbial mat
had a bulk POC §'°C value of —11%o and a POC concentration of 12%.
Once site water and any amendments were added, all incubation vials
were stoppered and the headspaces of all vials were flushed with N, gas for
5 min to remove any O, gas in the headspace. Vials were inverted and
incubated undisturbed at room temperature in the dark. Before measure-
ments for methane concentrations, the vials were shaken for at least 2 min
to drive dissolved methane up into the headspace.

Methane production rates were determined by measuring methane
concentration in the headspace of incubation vials at known time inter-
vals. Concentrations were measured with a gas chromatograph equipped
with a flame ionization detector and Porapak Q column. The frequency of
sampling was adjusted based on how quickly methane concentrations
increased in the headspace. Upon reaching concentrations greater than
~1,000 ppm, an adequate methane concentration for obtaining 3'*C val-
ues with our instrumentation, samples were frozen (still inverted) to stop
biological activity. Incubations lasted anywhere from about 2 days to
about 2 months.

A linear regression fitted to a plot of methane concentration over time
was used to calculate methane production rates for each incubation vial.
Methane production in some samples began to exhibit exponential in-
creases in concentration over time. In these cases, only the initial linear
portions of the curves (portions with 7% values of ~0.9 or greater) were
used to determine production rates. Methane production rates were nor-
malized to the total amount of sample incubated and reported in nmol
g 'day .

At the end of the incubation, the headspace gas was analyzed for meth-
ane 3'°C values using a gas chromatograph with a 60-m PoroPLOT cap-
illary column in line with a ThermoQuest Finnigan Delta Plus XL isotope
ratio mass spectrometer (IRMS). Samples were thawed and, depending on
the headspace methane concentrations, between 25 and 600 pl of gas was
injected into the gas chromatograph. For samples that had methane con-
centrations less than ~2,000 ppm, a cryofocusing method (26) was used.
This cryofocusing method allows for injections of larger volumes of gas
for '°C determinations at lower methane concentrations.

POC content and 8'°C values were determined from samples of the
soft mat/mud or crust used in the incubation slurries. These samples were
collected in triplicate in precombusted (450°C for 6 h) 20-ml glass vials.
Each POC sample was refrigerated in the field following collection. Upon
return to the laboratory, these samples were dried at approximately 65°C
and homogenized using mortar and pestle. Inorganic carbon was re-
moved by treatment with hydrochloric acid (HCI). In accordance with the
method of Hedges and Stern (27), each sample was weighed and treated
with 2 ml of 1 N HCI daily until all visual signs of chemical reaction
between acid and carbonate had ceased. Decarbonation took up to 2
weeks for some samples. After removal of the inorganic carbon, samples
were dried again and loaded into tin capsules for elemental and isotopic
composition analyses on an elemental analyzer connected through a Con-
Flo III to the IRMS. POC concentration values were corrected for the
amount of salts formed from the addition of acid during the removal of
inorganic carbon.

Error estimates for methane production rates, isotopic composition of
methane and POC, and POC concentrations are reported as the standard
deviations of triplicate samples, except in rare occurrences when one of
the triplicate samples was lost due to instrument malfunction or human
error. In those cases, half of the range between the two values is reported as
the error.
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TABLE 1 Methane production rates and stable isotopic composition for unamended controls, TMA-amended, and mat-amended incubation vials,

as well as POC concentration and isotopic composition”

Methane production rate

—1 —1
Salinity Temp (nmol g day” )

Methane 8'°C value (%o) POC

Site® Date (ppt)  (°C)  Control TMA Mat Control TMA Mat Concn (%) 8"C (%o)
Soft-microbial-
mat/mud sites
Area 1 Mar 2012 62 20 5.4(0.7) ND¢ ND —56.5(1.7) ND ND 17.3(3.0) —10.8 (0.5)
Area 1 Nov 2012 60 28 22.5(3.8) 781(127) ND —46.7 (1.3) —68.1(4.3) ND 10 1(0.5) —9.7(0.2)
ET2 May 2012 13 14 6.0 (2.9) 58.4 (4.2) 112(2.7) —75.0 (4.1) —782(2.1) —58.8(0.7) .2(0.04) —17.7 (0.3)
ET2 May 2013 10 3 289 (5.1) 361 (17.5) 1,910 (158) —79.0 (0.3) —79.7(0.1) —64.9 (2.0) 4.2(0.1)  —14.5(0.1)
LL8 May 2013 55 26 1.3 (0.7) 1.9(0.2) ND —82.6(0.3) —93.1(1.3) ND .3(0.4) —10.8 (0.0)
Cejarl May 2013 45 20 24.0 (19.3) 114 (14.5) ND —33.1(5.0) —81.7(0.5) ND .0 (1.3) —9.7 (0.5)
Cejar2 May 2013 54 22 7.8(0.9)  39.5(15.9) ND —37.8(1.0) —82.6(1.5) ND 8(03)  —11.0(0.2)
Chaxal May 2013 102 20 30.4 (4.5) 193(7.2) ND —30.9(0.8) —76.7(0.4) ND .2(0.4) —5.5(0.2)
Gypsum-hosted
endoevaporite
mat sites
Area 9 Mar 2012 160 21 32.4(4.3) 127 (17.1) 6.5(1.9) —28.0(0.2) —67.2(6.6) —66.0(1.0) 0.4 (0.1) —14.6 (0.2)
Area 9 Nov 2012 158 23 21.5(5.5) 28.0(8.5) 4.7(0.2) —52.7(4.7) —79.2(1.4) —64.8(0.6) 0.2(0.0) —14.7 (0.2)
LLI May 2012 130 26 0.4(0.1) ND ND —37.0(1.9) ND ND 1.1(0.3)  —10.0 (0.1)
LL2 May 2012 138 25 1.3 (0.4) 5.4 (2.6) 83.3(28.8) —31.1(0.6) —91.8(2.6) —41.7(12.1) 0.2 (0.02) —12.0(0.3)
LL2 May 2013 128 22 1.1 (0.4) 3.6 (0.4) ND —20.2(2.7) —90.8(1.0) ND 0.3 (0.03) —12.1(0.2)
LL3 May 2012 131 27 6.8(1.4) ND ND —32.7(1.0) ND ND 05(02)  —10.6(0.4)
LL3 May 2013 132 23 4.0 (2.5) 4.5 (1.7) 7.3 (3.9) —439(13.1) —88.1(1.6) —64.0(1.4) 0.2 (0.04) —12.2(0.1)
Cejar3 May 2013 77 13 1.0 (0.1) 1.3 (0.1) 0.7 (0.2) —35.0(4.0) —86.1(1.2) —67.0(2.1) 0.1(0.01) —13.0(0.2)

“ Error estimates are in parentheses.
b That is, sites with methane production rates >0.1 nmol g~ ' day ™~
¢ND, not determined.

RESULTS

Methane production rates from unamended control incubations
varied across sample sites, with no apparent relationship between
production rates and salinity (Fig. 2A). As noted above, a few sites
produced little to no methane. Of those that had measurable rates,
methane production ranged from 0.4 to 289 nmol g~ ' day ™' (Ta-
ble 1). The methane 8'>C values also exhibited a very large range
(—83 to —20%o) (Table 1), with the higher-salinity, gypsum-
hosted sites producing the higher, more '>C-enriched methane
3'°C values (Fig. 2B). The methane 8'°C values at these gypsum
sites were significantly more '>C-enriched than sites containing
soft mat/mud (Student ¢ test, P < 0.02).

POC concentrations ranged from 0.1 to 17.3%, with concen-
trations generally decreasing with increasing salinity (Fig. 2C).
The percent POC (%POC) at gypsum-hosted sites was signifi-
cantly less than the %POC at soft-mat/mud sites (Student ¢ test,
P < 0.02). The POC 8"°C values ranged from —17.7 to —9.7%o
(Table 1), with no relationship to salinity. The 8'>C values of POC
at gypsum-hosted sites were not significantly different from soft-
mat/mud sites (Student ¢ test, P > 0.4).

! for unamended controls.

When 1,000 pM TMA was added to incubation vials, methane
production was increased over the unamended controls, resulting
in production rates ranging from 1.3 to 781 nmol g~ ' day~ ' (Ta-
ble 1). If all of the methane that was produced came from the
added TMA, then between 4 and 61% of the TMA was used, with
a median value of 9%. The isotopic composition of the methane
that was produced ranged from —93 to —67%o (Table 1; Fig. 3),
with no difference between the lower-salinity, soft-mat/mud sites
and the higher-salinity, gypsum-hosted sites (Student ¢ test, P >
0.7). The methane 3'°C values, however, were significantly '>C
depleted compared to the unamended controls (paired Student ¢
test, P < 0.01).

Dried microbial mat material was added (1 g/vial) to samples
from five sites (ET2, LL2, LL3, Cejar3, and Area 9), with ET2 and
Area 9 being sampled during two different sampling events. This
amount of dried mat material increased organic carbon content in
vials at all sites by 1.3- to 7-fold. At the four Atacama sites, meth-
ane production rates either increased or were not different than
the unamended controls, while at Area 9, rates were decreased by
the mat addition. Overall methane production rates of mat-

FIG 1 (A) Location of sampling sites at the Exportadora de Sal, S.A. de C.V., salt company near the city of Guerrero Negro in Baja California Sur, Mexico. Soft
microbial mats were sampled in Area 1 (B), and gypsum-hosted endoevaporite mats were sampled in Area 9 (C). (D) Sampling sites in the Atacama Desert,
northern Chile. Endoevaporitic gypsum crusts (LL1, LL2, and LL3) were collected from the main hypersaline pond (E), whereas LL8, a soft mat, was sampled
from a smaller pond (F) at Salar de Llamara. (G) Muddy sediments, ET2, were collected from a cool pond at the El Tatio geyser field. Within the Salar de Atacama,
soft mats, Cejarl (H) and Cejar2 (I), and endoevaporite mats, Cejar3 (J), were sampled at Laguna Cejar, and a soft mat overlying mud, Chaxal, was sampled at
Laguna Chaxa (K). Insets of representative soft mats/mud and gypsum-hosted endoevaporite mats at the sites are also included. (The maps in panel A are traced
from images from the CIA World Factbook [https://www.cia.gov/library/publications/the-world-factbook/geos/mx.html] and NASA Earth Observatory [http:
//earthobservatory.nasa.gov/IOTD/view.php?id=77499]. The maps in panel D are traced from an image from the CIA World Factbook [https://www.cia.gov
/library/publications/the-world-factbook/geos/ci.html]. The inset in panel B is courtesy of Alejandro Lépez-Cortéz.)
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FIG 2 Methane production rates (A), methane 8'°C values (B), and POC
concentrations (C) as a function of salinity.

amended vials ranged from 0.7 to 1910 nmol g~ ' day ™' (Table 1).
The methane 3'°C values produced from mat-amended vials
ranged from —67 to —42%o and were generally '>C depleted rel-
ative to the unamended controls, although the mat-amended §'*C
values were not as '>C depleted as the TMA-amended values (Ta-
ble 1, Fig. 3). Similar to the TMA-amended vials, the 313C values
from mat-amended, lower-salinity, soft-mat/mud sites were not
different from the higher-salinity, gypsum-hosted sites (Student ¢
test, P > 0.8).

DISCUSSION

The main purpose of the present study was to further investigate
the biogenic production of methane with anomalously high, **C-
enriched 8"°C values by microbial communities living within
evaporitic minerals in hypersaline systems. The hypothesis of sub-
strate limitation in these environments was tested by increasing
the availability of TMA and organic matter to methanogens and
observing any changes in the stable isotopic composition of the
methane produced.

Similar to what Tazaz et al. (1) observed, the isotopic compo-
sition of methane produced by gypsum-hosted endoevaporite
mats at the higher salinity sites was distinctly different from that
produced by soft microbial mats/mud at the lower-salinity sites.
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The gypsum-hosted endoevaporite mats produced methane that
was significantly enriched in '°C, with 8'°C values ranging from
—20 to —53%o. The endoevaporite mats also had significantly
lower POC content than the soft microbial mats. It was this rela-
tionship between POC and methane §'°C values that first sug-
gested that substrate limitation plays a role in the isotopic compo-
sition of the methane (9).

Because the isotopic composition of the methane depends
upon the isotopic composition of the substrate from which it is
derived, fractionation factors are used to take the source material
into account. However, since methane produced from environ-
mental samples is generally derived from more than one substrate,
apparent fractionation factors (28, 29) are usually determined. If
the POC 8'°C value is used as a proxy for all substrates (see, for
example, references 9 and 30), then the apparent fractionation
factor (o) is calculated as follows: a = (3'>C-POC + 1,000)/
(3"*C-CH, + 1,000), where 8'*C-POC and §'*C-CH, are the sta-
ble isotopic compositions of POC and methane, respectively. In
Fig. 4 it can be seen that the apparent fractionation factors are
significantly higher, indicating more fractionation, for the soft
microbial mat/mud sites than the gypsum-hosted endoevaporite
mat sites. This suggests that substrate limitation, which decreases
isotopic fractionation, may be occurring to a greater extent at the
higher-salinity gypsum-hosted sites than at the soft-mat/mud
sites.

Adding high concentrations of TMA increased the methane
production rates, as expected (Table 1). In addition, the d313C val-
ues of the methane produced in the TMA-amended vials were
significantly '>C depleted (paired Student ¢ test, P < 0.01) relative
to those produced in the unamended controls (Fig. 3). The TMA-
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amended vials had methane 3'°C values ranging from —93 to
—67%o, easily falling within Whiticar’s (13) biogenic range. All
hypersaline sites, both soft-mat/mud and gypsum-hosted sites,
exhibited a shift to lower, more !> C-depleted methane 3'3C values
with the addition of the TMA. On average, the soft-mat/mud sites
shifted to lower values by about 30%o, whereas the average shift
for the gypsum-hosted sites was about 50%o (Fig. 3). This shift to
lower, more commonly observed biogenic §'°C methane values
occurred at all hypersaline sites (both soft and endoevaporite mat
sites), suggesting that substrate limitation may be a widespread
phenomenon in hypersaline environments. The only site that did
not show a significant decrease in the isotopic composition of
methane with added TMA was ET2, the low-salinity mud site
from the El Tatio geothermal field. For both years sampled, the
unamended controls and the TMA-amended vials produced
methane with 8"°C values in the low —70s%o (Table 1). These
similar and very '*C-depleted 8'°C values suggest that the meth-
anogens at this site were fully fractionating and not experiencing
substrate limitation in situ.

It was curious that when dried, autoclaved microbial mat was
added as a source of additional organic matter, methane produc-
tion rates were not stimulated consistently across all sites. Instead,
methane production rates increased (or stayed the same) at the
Atacama sites, and decreased at Area 9, the only site tested at
Guerrero Negro (Table 1). This decrease in methane production
was unexpected, as the mat additions increased the organic carbon
content in the incubations vials of Area 9 by 5- to 6-fold the orig-
inal POC concentration (up to 1 to 2% POC in the samples). As
noted above, organic carbon content in all vials was increased by
1.3- to 7-fold.

The mechanism by which the microbial mat amendments af-
fected methane production rates and why rates were stimulated at
the Atacama sites and inhibited at Area 9 in Guerrero Negro are
unclear. One possible explanation is that with the increase in or-
ganic carbon content, caused by the addition of microbial mat,
fermentation increased. Fermentation produces low-molecular-
weight organic molecules, as well as H, and CO, (31). Increasing
the H, concentration could let methanogens effectively compete
with sulfate reducers for H,, allowing methanogenesis by CO,
reduction to occur. Increased fermentation and organic matter
remineralization in the mat-amended vials is supported by higher
headspace CO, concentrations in the mat-amended vials relative

December 2014 Volume 80 Number 23

TMA Additions Affect 8'2CH, Values in Hypersaline Mats

to unamended control vials (32). Although this explanation is
consistent with increased methane production rates at the Ata-
cama sites, it does not explain the inhibition observed at Area 9,
since the methanogens at Area 9 should still produce methane at
unamended control rates by using the substrates already present.
However, if increased fermentation and growth of fermenters oc-
curred, then competition for the osmolyte glycine betaine may
have also occurred. Because of the energetic expense of biosynthe-
sis, most halophilic or halotolerant heterotrophic microorgan-
isms accumulate glycine betaine from the environment rather
than synthesize it themselves (3, 33). If competition for any gly-
cine betaine in the medium occurred, then this may have lessened
the amount of TMA (derived from glycine betaine) in the envi-
ronment, reducing the amount of methane produced from TMA
and allowing for the grow-in of CO, reducing methanogens. Hy-
drogenotrophic (CO, reducing) methanogens are either not ac-
tive or active to a small extent in the Guerrero Negro ponds and
yet will increase in number when conditions become favorable
(34, 35). At the Atacama sites, preliminary data from both Salar de
Llamara and El Tatio suggest that the most abundant methano-
gens are members of the orders Methanomicrobiales and Metha-
nobacteriales (B. Valenzuela et al., unpublished data). All mem-
bers of both orders can use CO,/H, (36); so if H, concentrations
had in fact increased, methanogenesis could have immediately
increased. Unfortunately, it is unknown whether H, concentra-
tions were higher in mat-amended vials, since H, concentrations
were not measured.

Similar to the TMA-amended vials, the methane 8'>C values of
the mat-amended vials at the gypsum-hosted hypersaline sites,
including Area 9, were also '>C depleted, with values ranging from
—67 to —42%o (Table 1). The methane §'°C values produced in
mat-amended vials at site ET2, the only soft-mat/mud site tested,
were higher than the unamended controls, rising from approxi-
mately —77 to —62%o (averaged between sampling events/years).
This mat-amended 8'*C value for ET2 (—62%so) is similar to the
average of the gypsum-hosted sites (—61%o) (Fig. 3), suggesting a
similar methanogenic pathway in these vials, perhaps CO, reduc-
tion.

Apparent fractionation factors have been used to infer path-
ways of methanogenesis in natural environments (30), since
methanogens will fractionate carbon isotopes to various degrees
depending on the substrate used (13, 29). The substrates can be
ordered based on the amount of fractionation that occurs. This
ordering, from least to greatest fractionation (with fractionation
factors indicated in parentheses), is as follows: acetate (1.01 to
1.03), dimethylsulfide (1.04 to 1.05), CO,/H, (1.03 to 1.08), trim-
ethylamine (1.05 to 1.07), and methanol (1.07 to 1.09) (29, 37—
39). The process of CO, reduction has been the most widely stud-
ied methane production pathway, encompassing both culture
and environmental studies (29), which may explain why the
widest range of fractionation factors is reported for this pro-
cess. Although there is full overlap between fractionation fac-
tors for CO,/H, and TMA, TMA falls at the higher end of the
range (29, 39).

Unfortunately, because substrate limitation reduces isotopic
fractionation, we cannot infer in situ pathways of methanogenesis
from the unamended control vials using the above literature frac-
tionation factors, since those fractionation factors were generally
determined under nonlimiting conditions. However, with the
TMA and mat amendments, substrate limitation appears to be
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alleviated based on the *C-depleted methane §'°C values relative
to the controls and the fact that, on average, <20% of the TMA
was used in the TMA-amended vials (median value = 9%). How-
ever, two hypersaline sites used more than 35% of the TMA
amendment (Area 9 [March 2012] and Area 1 [November 2012]),
if all of the methane produced came from the added TMA. These
two sites had TMA-amended methane 8'°C values closer to the
added TMA isotopic value (—40%o) than the other sites (Table 1)
and so may not have been fractionating to the full extent possible.
However, these two sites were still almost 30%o more *C depleted
than the added TMA.

The methane 8'°C values for the TMA-amended vials (—93 to
—67%o0) were consistently more '°C depleted than those for the
mat-amended vials (—67 to —42%o) (Fig. 3), pointing toward
differences in pathways for methane production in these two
amendment treatments. Within these treatment vials, the meth-
ane carbon can be derived both from the POC in situ and from the
amendment, whether TMA or mat material.

To determine apparent fractionation factors for the mat-
amended vials, isotopic mass balance calculations can be used to
calculate the isotopic composition of the total organic carbon
(POC plus mat addition) within the vials. Because of the low
%POC at the gypsum-hosted endoevaporite mat sites (Table 1),
the calculated isotopic composition of total organic matter within
these mat-amended vials was dominated by the mat (—11%o),
with 8'°C values ranging from —11.6 to —11.2%o. At the ET2 site,
with its higher %POC (Table 1), the calculated isotopic composi-
tions of total organic matter within the mat-amended vials were
—16.0%0 in May 2012 and —13. 8%o in May 2013. The apparent
fractionation factors determined using these 3'°C values of the
total organic carbon within the mat-amended vials, along with the
8'°C values of the resultant methane, range from 1.03 to 1.06.
These factors are in the range of those determined for CO, reduc-
tion (29), supporting the hypothesis of increased fermentation
and H, production leading to CO,/H, methanogenesis with mat
addition.

It would also be satisfying to calculate apparent fractionation
factors for the TMA-amended vials to show that they fall within
the range for TMA use from the literature. Although it is apparent
that TMA is used for methanogenesis in the TMA-amended vials,
determining apparent fractionation factors in this case is not easily
accomplished. This is due to the large difference in 3'°C values
between the TMA added (—40%o0) and the POC in situ (—18 to
—6%o) and to the fact that we do not know how much of either is
used. If only added TMA was used to produce the methane, then
the fractionation factors average 1.05 (range, 1.03 to 1.06). Pre-
sumably, some in situ TMA, as well as other substrates, was also
used to some extent. If only POC-derived substrates were used
(assuming these substrates, which would be part of the dissolved
organic carbon pool, have similar isotope values as the POC [40]),
apparent fractionation factors average 1.08 (range, 1.06 to 1.09).
Simplistically, if half of the methane was produced by the added
TMA and the other half derived from the POC, then apparent
fractionation factors would average 1.06, a value that falls within
the range for TMA use as determined by Summons et al. (38) and
Londry et al. (39).

The data described here show that when either TMA or dried
microbial mat (as a source of natural organic matter) was added to
incubation vials, the isotopic composition of the methane pro-
duced had significantly lower '>C-depleted 8'°C values at all hy-
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persaline sites examined. This suggests that substrate limitation
for methanogenesis may be a widespread phenomenon at these
sites, with greater limitation (and so less fractionation) occurring
at the gypsum-hosted endoevaporite sites than at soft-mat/mud
sites. The §'°C values of methane measured from TMA-amended
vials were also significantly more '>C depleted than methane from
the mat-amended vials. This is consistent with greater fermenta-
tion in the mat-amended vials that could have allowed for a
marked increase in methane production from CO,/H, in these
vials.
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